The draining vein problem is recognized as one of the most severe constraints on the spatial resolution of BOLD contrast fMRI, used widely in imaging neuroscience. Changes in blood oxygenation arising from local brain activity-related changes in blood flow propagate downstream in veins and can give rise to spurious activation at sites remote from neuronal activity. The geometry of the venous vasculature is quite regular in structure and is well depicted in photomicrographs. Quantitative analysis of this geometry, together with hydrodynamic considerations, permit upper bounds dependent on the area of cortical neuronal activity to be derived for the spatial extent of draining vein contamination. It is estimated that an activated cortical area of 100 mm 2 will generate an oxygenation change in venous blood that extends without dilution along the vein no more than 4.2 mm beyond the edge of the activated area. At greater distances along the draining vein this oxygenation change will be diluted. The model leads to a quantitative prediction of the functional form of this dilution. © 2002 Elsevier Science (USA)
INTRODUCTION
BOLD contrast at fields below 4 T is now recognized to arise mainly from changes in oxygenation in small venules lying relatively close to the site of increased neuronal activity (Song et al., 1996) . The extent to which apparent activation in larger pial veins draining such brain areas contaminates BOLD MRI data has long been controversial in fMRI (Lai et al., 1993) . It is at once apparent that how far changes in deoxyhemoglobin extend down the venous drainage system depends on the fraction of the vein's cortical catchment area that shows increased neuronal activity. The venous vascular tree has been studied by a number of researchers (Moskalenko et al., 1980; Duvernoy, 1999; Mayrovitz, 1983) . Of particular note are the excellent photomicrographs of human cortical veins, obtained by Duvernoy (1999) from cadaver brains with vessels suitably injected with India ink.
Once the geometric and topographic characteristics of the venous drainage have been estimated, the size of the cortical territory of a vein of given size can be estimated, and hence the downstream dilution of deoxyhemoglobin changes. This allows the calculation of upper bounds for the distance from activated areas that the draining vein contamination may extend, and estimation of the dilution of the effect at greater distances.
THEORY
This is a summary of the arguments to be presented. The typical configuration of the venous architecture is described. A relationship is derived connecting the diameter of a pial vein segment with the cortical area that it can drain. Using micrographs of cortical surface vasculature, a relationship is estimated between the diameter of a pial vein segment and its maximum distance from its terminal branches. Combining these relationships, we estimate the maximum distance along a draining vein from a cortically activated region of given area that full changes in blood oxygenation can occur. Finally, using a very general model, the successive downstream dilution of these changes is estimated.
The cortical drainage has a surprisingly regular organization. (Moskalenko et al., 1980; Duvernoy, 1999) . Within grey matter, capillaries of 5 m diameter (just wide enough to admit red cells) and mean length 200 m drain into venules of 10 to 20 m diameter. These combine, at angles close to 90°, to form larger venules. When a diameter of about 50 -100 m is reached, the venule is termed a principal intracortical vein (PIV) and typically leads directly to the cortical surface, at right angles to it. These veins often extend the full depth (ϳ3 mm) of the cortex, increasing in diameter as they approach the surface, swelled by incoming venules. Once the PIVs, spaced about 300 -500 m apart, reach the surface they combine to form pial veins in a two-dimensional drainage network on the cortical surface. Like intracortical venules, the pial veins join nearly at right angles.
Throughout the arterial circulation, Murray's Law applies: vessels join so that the cube of the diameter of the combined vessel is equal to the sum of the cubes of the diameters of the two branches (Mayrovitz et al., 1983; Henkelman et al., 1994; Rossitti et al., 1993 ; but see Kurz, 1997) . We assume, with Henkelman, that this relationship is maintained in the venous drainage. This has been confirmed for the retinal circulation (Riva, 1985) . At many junctions the diameter of one tributary is less than 25% of that of the other. The arterial system forms a fractal, self-similar network (Qian et al., 2000; West et al., 1999) . Inspection of the Duvernoy venograms shows that the fine structure of the venous branching is very similar to the larger scale structure. Thus a detailed quantitative study of the fractal dimension of the veins is likely to give a result similar to that already shown for arteries.
Because its purpose is to irrigate grey matter, the cortical vascular bed is organized as a parallel system. The delivery of nutrients is provided by capillaries of diameter d c . Their volume fraction ␤ is about 2% of the grey matter (Hudetz, 1997) . Thus each capillary, of length l c , serves about 50ϫ its own cross-sectional area with glucose and oxygen, and thus a volume of l c d c 2 / (4␤).
We consider, as functions of the vessel diameter d, the blood velocity v(d), the total cross sectional area of vessels A(d), the number of vessels N(d), and the catchment area of cortex subtended by a given pial vessel D(d). For continuity of fluid flow, Av ϭ constant. For perfusion to be a well-defined differential quantity, v ␣ d. Self-similarity and the cubic law of diameter addition then imply that A ␣ 1/d, and N ␣ 1/d 3 (Henkelman et al., 1994; Mayrovitz et al., 1983; Rossitti et al., 1993) .
Consider a pial vein of diameter d v draining N capillaries. If the cortical thickness is t, this vein will drain a cortical volume
(1)
Using N ␣ 1/d 3 , this becomes:
Hence
Since d c ϭ 5 m and ␤ ϭ 0.02, we have the very general result:
With reasonable values for the cortical thickness (3 mm) and mean capillary length (200 ) this becomes
Thus a given activated area D can be drained entirely by a single vessel of diameter
Assuming a roughly circular patch of activation, this area has a mean diameter
For example, a typical area of activated cortex, 125 mm 2 , can be drained by a vessel of diameter 0.6 mm (normally such an area will be drained by a larger number of similar vessels draining into separate veins). Furthermore, the total area of human cerebral cortex is about 2 ϫ 10 5 mm 2 . This predicts that each internal jugular vein will have a diameter of about 5 mm, which corresponds quite well to observations. At the other extreme, as might be the case for the response in V1 to a point of light in an otherwise dark visual field, an activated region of 1 mm 2 can be drained by a vessel of 125-m diameter. Now we estimate the maximum distance L from the activated area that we can expect to find an apparently activated draining vein DV, of diameter d v . The most straightforward way to achieve this is to quantify the photomicrographic data.
The argument is as follows. It is easy to identify the points at which the PIV's reach the surface of the cortex-these are the positions on the photomicrographs at which the surface vessels appear to terminate. Let us assume that all PIVs within a particular area D of neuronal activity will increase their oxygenation by a given proportion, say ␥. The maximum extent of downstream contamination will obviously occur when all these PIV's are drained by a single larger vein, which will thus change its oxygenation by the same factor. We have already calculated the cortical area that can be drained by a vessel of a given diameter d v . Thus in order to estimate the maximum distance from the activated region that we might expect to find a vessel with a full oxygenation change of ␥, we need only measure the characteristic maximum linear distance between a PIV and a vessel of diameter d v into which it drains. For this purpose it is sufficient to measure the properties of a wide selection of the vessels shown in the Duvernoy micrographs, as shown on Duvernoy (1999) , using radii from 13 PIVs draining into 11 separate veins.
The trend is clear. Consider a segment of a DV of 0.5-mm diameter. The data show that there are no PIVs draining into this vein that are more than 15 mm away from the segment in question. A vein of this size can completely drain a cortical area of at most 65 mm 2 , with a mean diameter of 9.0 mm. If the area of activation is roughly circular, the maximum distance beyond this circle for which the DV will carry blood with a full oxygenation change will thus be 6 mm.
Going beyond this, the upper limits of the data can be well fitted with the expression
where y is the maximum distance from a PIV at which can be found a vein of diameter d v into which it drains. The exponent in this expression was obtained by means of a log-log plot of these data, which gives a straight line of slope 1.5 Ϯ 0.1 as the upper limit of the points measured. It is perhaps not coincidental that this exponent is the same as that in equation (8). If we assume an activated area D that is roughly circular, and drained by a single venous segment of this diameter, this entire area must be within a radius y of the venous segment (see Fig. 2 ). The diameter of the activated area is z ϭ (4D/) 0.5 . From Fig. 3 , it is apparent that the segment is then a distance L ϭ y Ϫ z from the activated area. Substituting from equation (6) 
This is the maximum distance from the activated area that we can expect to find a draining vein showing the full oxygenation change. For example, for an activated area of 100 mm 2 , the extent of complete draining vein contamination will be 4.2 mm. For an activated area of 1 mm 2 , the extent of contamination will be 0.42 mm, roughly the distance between PIVs, as might be expected. In the case of a seizure, an area as large as 3 ϫ 10 4 mm 2 of cortex might be activated. This could give rise to full oxygenation change in a vein 70 mm distant from the edge of the activated area, consistent with the observations of Penfield (1933) . It is apparent that the effect of draining veins on spatial resolution in BOLD fMRI depends on the spatial extent of neural activity.
At greater distances from the activated area, the draining vein will be joined by vessels that carry blood with unchanged oxygenation, which will thus dilute the changes caused by activation. How rapidly the oxygenation change is attenuated downstream can also be estimated, as follows.
Consider a pial vein segment DVЈ of diameter dЈ v receiving blood from an area DЈ which includes the activated area D. The blood oxygenation changes in this venous segment will clearly be smaller than in the more proximal segment of diameter d v . If the values of CBF in the activated and nonactivated areas that DVЈ drains were equal, it would be a simple matter to calculate the dilution of oxygenation changes in DVЈ. However, blood flow increases in activated areas. We define ϭ ⌬HbR/HbR, where HbR is the blood concentration of deoxyhaemoglobin. The deoxyhaemoglobin delivered to DVЈ per unit time will be proportional to (DЈ Ϫ D) CBF HbR ϩ D (CBF ϩ ⌬CBF) (HbR Ϫ ⌬HbR) and the total blood volume delivered per unit time will be (DЈ Ϫ D) CBF ϩ D (CBF ϩ ⌬CBF). Thus the fractional change ␥ in deoxyhaemoglobin concentration in the venous segment will be given by
where ␣ ϭ DЈ/D and ␦ ϭ ⌬CBF/CBF. Clearly when D and DЈ are coincident, ␣ ϭ 1 and ␥ ϭ 1. An additional, probably smaller, effect on the change in haemoglobin concentration will arise from the dilation of the pial veins manifested in blood volume changes. For the purposes of this discussion, this will be treated as second order, but this could also be modelled.
In order to examine the functional dependence of the fractional oxygenation change more closely, let us consider a typical value of ␦ of 0.5. We now have ␥ ϭ 3/͑2␣ ϩ 1͒.
(13)
Now we can derive a relationship between the distance of the vein segment from the site of activation and the dilution of haemoglobin oxygenation changes. By Eq. (7) dЈ v ϭ ͑ 3 ͱDЈ͒/8 mm.
The distance yЈ of this segment of draining vein from the far edge of the activated area is now given by (see Eq (9))
Thus DЈϭyЈ 2 /2.25 (17) Hence, by substituting for DЈ in Eq. (12),
Now yЈ ϭ LЈ ϩ z and z ϭ (4D/) 0.5 . Hence, for this example,
This dependency of fractional dilution on LЈ is shown in Fig. 4 . Of particular note from Fig. 4 is the prediction that for an area of activation of 100 mm 2 , by a distance of 25 mm from the activation along a draining vein the change in blood oxygenation is reduced to only 25% of its initial value. It has been shown by Boxerman (1995) that in fMRI studies using gradient-echo acquisition, the signal change associated with BOLD contrast is roughly independent of vessel size, if blood oxygenation change is kept constant. If this is the case, then the BOLD signal change relating to a vein 25 mm downstream from a vessel draining an activated area of 100 mm 2 will likewise be at most 25% of that within the activated area.
To generalize Eq. (19), we return to Eq. (12)
For small changes in blood flow,
DISCUSSION
It is important to discuss the sensitivity of these results to the underlying assumptions, which are as follows:
(i) The ratio of cortical thickness to mean capillary length Х 15.
(ii) The maximum distance from PIV to vein of diameter d v is 35 d v 1.5 for all pial veins. (iii) Activated areas are reasonably approximated as circular patches.
(iv) The activated area is drained by a single large vein.
(i) The effective capillary length, for the purpose of this calculation, is less than the spacing of intra-cortical arteries and principal intracortical veins, about 500 microns (Duvernoy, 1999) . Since these, respectively, divide into arterioles and venules, and only then into capillaries, the estimate of a mean of 200 m for the remaining capillary length is reasonable and is not likely to be in error by more than 50 m. Cortical thickness can vary from 2 to 4 mm (Fischl et al., 2000) . Thus the coefficient in Eq. (6) (ii) The maximum distance from a PIV to a vein of given diameter [Eq. (9)] appears to be well defined by the characteristic organization of veins in the cortical surface. Duvernoy (1999) does not state whether his published microphotographs derive from a single human brain or from several. Data derived from these images show good consistency, the maximum values of y all falling close to the value stated in Equation 9 of 35 d v 1.5 . The estimated error of this coefficient is about 5. Thus the coefficient in the expression for L [Eq. (10)] could vary between 0 and 20, and thus in Eq. (11) the extreme limit of the coefficient will be 0.9. It is striking but surely not coincidental that the functional form of Eq. (9) is the same as that of Eq. (8), describing the diameter of the catchment area of a vessel of given size. The logistics of uniformly draining the cortical sheet with passive convergent vessels possibly requires such a functional form. Further modelling work in this area of study would be highly desirable, perhaps using fractal theory.
(iii) Duvernoy's venograms show that catchment areas for larger pial venules do not extensively interdigitate, but rather form discretely bounded convex areas. FMRI activation studies with 3-mm resolution also often show compact areas of activation, consistent with underlying Brodmann areas. In cases where neuronal activation is more fragmented or linear, it is less likely that a single vein will drain the entire activated area. Such areas are more likely to overlap the catchment areas of several pial veins, and can notionally be divided into smaller roughly circular regions each drained by a single vein. (iv) Contamination by apparent activation along a vein will be most extensive when a single vein drains the activated area. When the area overlaps the catchment of several veins, it can be divided into smaller sections each drained by a single vein, which will thus be apparently activated over a smaller distance.
From this discussion it should be clear that the argument presented gives a reasonably accurate account of the dilution of oxygenation changes in draining veins. Further detailed measurements using high quality images of cortical vasculature, and inclusion of effects of changes in blood volume, will refine the estimate of the relationship between D and L.
As a confirmation of the consistency of this approach, it is striking that while the compact cortical area V5/ MT, about 100 mm 2 , is routinely observed in fMRI studies of response to visual motion, it usually appears isolated from other visual areas and is never observed with a linear vein-like structure associated with it, that might be interpreted as a draining vein. The dimensions of this area as defined with fMRI also correspond reasonably well to myeloarchitectonic studies of cadaver human brain.
CONCLUSIONS
The question of the extent to which changes in deoxyhemoglobin propagate downstream in veins on the cortical surface is apparently tractable. General relationships between vascular diameter and catchment area allow the dilution of these changes to be quantified. For a typical activated cortical area of 100 mm 2 , the change in oxygenation will be attenuated by a factor of at least four in a draining vessel 25 mm away.
The spatial resolution of BOLD fMRI clearly depends on the extent of neuronal activity, at field strengths where signal from draining veins is significant. This finding leads to the recommendation that functional brain mapping experiments should be designed to limit as far as possible the predicted spatial extent of the differential neuronal activity between experimental and control conditions.
